A tidal bore is a hydrodynamic shock, surging upstream in some shallow-water bays and estuaries during the flood tide under large tidal range. This study investigates experimentally the propagation of tidal bores over a large cylindrical roughness element, representative of damaged bridge pier foundation. In the initially steady flow, the large cylindrical element generated a wake region, with extents comparable to steady flow literature. During the tidal bore propagation, the presence of the element had negligible effect on the free-surface properties, but a significant impact in terms of the instantaneous velocity and Reynolds stresses. This resulted in longer transient recirculation both upstream and downstream of the element and larger maximum velocity recirculation magnitudes, as well as enhanced turbulent stress levels and potential bed erosion around the large element, within two diameters from the element centre. The results showed the potential development of a large scour hole around the cylindrical element.
Introduction
A tidal bore is a discontinuity of the water depth, and a hydrodynamic shock, surging upstream in shallow-water bays and estuaries during the flood tide under spring tidal conditions, when the tidal range exceeds 4-6 m and the flood tide confined to the narrow funnelled estuary (Tricker 1965; Lighthill 1978; Chanson 2011a) . It is estimated worldwide that over 400-450 estuaries are affected by a tidal bore. For example, in the Bay of Fundy, several rivers are subject to a tidal bore process, including the Petitcodiac, Hebert, Cornwallis, Maccan, and Salmon Rivers. Figure 1 presents photographs of tidal bores propagating upstream. A tidal bore has a significant impact on the environmental system and the ecology of the river mouth (Rulifson and Tull 1999; Locke et al. 2003; Ezer et al. 2008) . Tidal bores can also be dangerous, impacting adversely on man-made structures ( Fig. 1 ) and endangering lives. In recent years, the Hoogly River bore (India) gained in strength because of the completion of upstream dams, and the tidal bore destroyed several bridge structures. The impact of a tidal bore on bridges and bridge piers was rarely documented, although some studies were conducted on the impact of the G15 Shenhai Expressway and G15W Changtai Expressway bridges over the Hangzhou Bay and Qiantang River mouth (China) (Lu et al. 2009; Xu and Liang 2010) . Another example is the 15th century Pont Aubaud bridge on the Sélune River (France) (Chanson 2011b) . Further research was conducted on the impact of tidal bores on groyne structures (Xu et al. 2016) . A related literature is the impact of tsunami bores on man-made structures, include bridge piers (e.g., Arnason et al. 2009; Mori et al. 2013; St-Germain et al. 2014) .
A tidal bore is a positive surge, also called compression wave or translating hydraulic jump (Henderson 1966; Liggett 1994) . The shape of the bore front is characterized by its Froude number Fr 1 , whose expression may be derived based upon momentum considerations for an irregular channel cross-section:
(1)
where V 1 is the initial flow velocity positive downstream, U is the bore celerity positive upstream, g is the gravity acceleration, A 1 is the initial flow cross-sectional area, and B 1 is the initial freesurface width (Leng and Chanson 2015) . For Fr 1 < 1.3 to 1.4, the bore is undular: its front is followed by a train of quasi-periodic freesurface undulations (Peregrine 1966; Treske 1994) . For larger Froude numbers, the bore has a marked roller (Hornung et al. 1995; Docherty and Chanson 2012) as illustrated in Figs. 1b and 1c.
A major challenge with any field investigation is the lack of control and of repeatability of each bore event (e.g., Simpson et al. 2004; Xie and Pan 2013; Keevil et al. 2015) . In contrast, laboratory observations allow to conduct carefully-controlled experiments and to investigate systematically all relevant hydrodynamic parameters. It is the purpose of this study to investigate thoroughly the propagation of tidal bores over a large cylindrical roughness element, representative of a damaged bridge pier foundation. Herein new measurements were conducted in a relatively large-size facility (L = 15 m, B = 0.5 m) and free-surface elevation and velocity were recorded simultaneously. The turbulence and turbulent mixing generated by the passage of the tidal bore were carefully documented under controlled flow conditions. The experimental results showed the impact of the large element on the steady and unsteady turbulent shear stresses in the close vicinity of the element.
Physical modelling and experimental setup

Presentation
Considering a tidal bore propagating upstream past a large roughness element (Fig. 2) , a dimensional analysis gives a series of dimensionless relationships between the instantaneous flow properties at a location (x, y, z) at a time t and the boundary conditions, inflow properties, and fluid properties. For a large cylindrical element located on the centreline of a smooth horizontal rectangular channel, it yields
where d is the instantaneous water depth, V ¡ is the instantaneous velocity vector of components V x , V y , V z , respectively the longitudinal, transverse, and vertical velocity components, d 1 is the initial flow depth, P is the instantaneous pressure, is the instantaneous Reynolds stress tensor, x is the coordinate in the flow direction, x o is the longitudinal location of the large cylindrical roughness element centre, D and H are respectively the diameter and height of the large cylindrical element, y is the horizontal transverse coordinate measured from the channel centreline, z is the vertical coordinate measured from channel bed, t is the time, is the water dynamic viscosity, is the surface tension between air and water, and B is the channel width. Equation (2) expresses the instantaneous turbulent flow properties at a point and time as functions of the tidal bore properties, initial flow properties (subscript 1), channel geometry, and fluid properties. The seventh, eighth, and ninth terms are the tidal bore Froude number Fr 1 , Reynolds number Re, and the Morton number Mo, the latter being a function of fluid properties and gravity constant only. In addition, the biochemical properties of the water may be considered In tidal bores, a Froude similitude is derived theoretically (Henderson 1966; Lighthill 1978; Leng and Chanson 2015) . That is, the model and prototype Froude numbers must be equal. In the present study, the same fluids (air and water) were used in model and prototype, and this added a dimensional constraint; i.e., the Morton number was an invariant. Both Froude and Morton similitudes were adopted herein following Hornung et al. (1995) and Docherty and Chanson (2012) , although the Reynolds number was underestimated. The present study focused on experiments performed under controlled flow conditions in a relatively large size facility selected to minimize potential viscous scaling effects; e.g., using relatively large initial depths and velocities, and Reynolds numbers (Table 1) .
Experimental channel and instrumentation
New experiments were conducted in a 15 m long by 0.5 m wide horizontal channel. The flume was made of smooth PVC bed and glass walls. The initially steady flow was supplied by an upstream water tank, 2.0 m long and 1.25 m wide, equipped with baffles and two rows of flow straighteners, leading the water to the channel through a smooth three-dimensional convergent. The initial flow depth could be controlled by a radial gate located next to the downstream end of the channel: x = 14.75 m, where x is the longitudinal distance from the glass-walled flume's upstream end. The tidal bore was generated by the rapid closure of a Tainter gate located at x = 14.10 m just upstream of the radial gate (Fig. 2) . The Tainter gate closure time was less than 0.15 s to 0.2 s and the gate closure time had no impact on the upstream bore propagation.
The water discharge was measured with a Venturi meter with an accuracy of 2%. In steady flows, the water depth was measured using pointer gauges with an error of ±0. 
Channel bed configuration and initial flow conditions
Two channel bed configurations were tested. Configuration A was the original smooth PVC bed. In Configuration B, a large roughness element was fixed to the PVC bed, with its centre on the channel centreline (y = 0) at x o = 7.1 m (Figs. 2 and 3 ). The cylindrical element was manufactured out of PVC, with an accuracy of ±0.1 mm. Its diameter was D = 0.060 m and its height H = 0.020 m.
The presence of the large cylindrical roughness element on the channel bed had an influence on the initially steady flow field. Its effect was investigated in terms of the vertical distributions of time-averaged longitudinal velocity and standard deviations of the three velocity components to establish the region of influence of the roughness element. The measurements were performed upstream of, directly at or above the element and downstream of the roughness element. Overall the results showed that the large roughness element had little impact on the flow upstream of and at the element, except in its immediate vicinity. Downstream of the element, a wake region was observed. Within the experimental flow conditions (Table 1) , the wake region extended up to a distance (x − x o )/D < 20, with a vertical extent z/H < 4 where H is the height of the element, and a transverse extent −4 < y/D < 4. Typical results are illustrated in Fig. 4 , where x − x o is the longitudinal distance from the large element centre. In Fig. 4 , the downstream half of the large element is shown with a thick solid black line. Altogether the extents of the wake region was comparable with literature results for a short cylindrical element (Raupach 1992; Sutton and McKenna-Neuman 2008) .
Experimental flow conditions
This study focused on fully-developed positive surges for which the mean properties became independent of time and space, thus independent of the generation process. Detailed velocity measurements were performed at several longitudinal locations x upstream of, above and downstream of the cylindrical element on the channel centreline, as well as at several transverse locations y. The initially steady flow data indicated that the flow was partially developed at x = 6.1 m upstream of the element and the dimensionless boundary layer thickness ␦/d 1 ranged between 0.5 and 0.6 depending upon the initial flow conditions. Three water discharges were tested: Q = 0.039 m 3 /s, 0.051 m 3 /s, and 0.061 m 3 /s (Table 1) . For each experiment, the tidal bore was generated by the rapid closure of the Tainter gate and the bore propagated upstream as sketched in Fig. 2 and illustrated in Fig. 3 . The radial gate was fully opened for the breaking bore experiments; it was partially closed to raise the initial water depth d 1 during the undular bore experiment.
Several experimental series were performed. Series 1 included steady flow velocity measurements upstream and downstream of the large roughness element, to document the effects of the element on the initially steady flow and the extent the wake region downstream of the cylindrical element. At each location, the velocity was sampled at 200 Hz for 180 s. Series 2 focused on freesurface measurements during the propagation of positive surge.
Series 3 included a series of instantaneous velocity and freesurface elevation measurements during the propagation of tidal bore. Both instantaneous and ensemble-averaged experiments were performed. For each run, the instruments were started 60 s prior to gate closure. The sampling stopped when the bore front reached the upstream convergent structure. For each set of ensemble-averaged experiments, a total of 25 runs were repeated during experiments Series 2 and 3. The median free-surface elevations and velocity components were calculated from the total ensemble, as well as the fluctuating properties. Table 1 summarizes the experimental flow conditions.
Flow patterns
Free-surface measurements under unsteady flow conditions were conducted for three breaking and one undular bore flow conditions (Table 1 ). The rapid gate closure generated a bore propagating upstream against the initially steady flow. Figure 3 shows a typical sequence of photographs taken during the propagation of a breaking bore. In Fig. 3 , the scale is provided by the cylindrical element size (D = 0.06 m). The bore passage was characterized by a rapid rise in free-surface elevation. For Fr 1 < 1.3, the bore freesurface was smooth and the first wave crest was followed by a train of secondary undulations. For larger Froude numbers, a marked roller was observed associated with large-scale turbulence and air bubble entrainment (Fig. 3) .
The free-surface properties were analyzed based upon the ensembleaveraged free-surface data. Typical results are presented in Figs. 5 and 6, in terms of the ratio of conjugate depths and maximum Fig. 5 . Ratio of conjugate depths in tidal bores propagating in a horizontal rectangular channel. Comparison between present ensembleaveraged data at x = 7.1 m with and without large element and laboratory data on smooth invert (Favre 1935; Treske 1994; Chanson 2010a; Docherty and Chanson 2012; Leng and Chanson 2016) and rough invert (Chanson 2010a; Docherty and Chanson 2012) . [Colour online.] free-surface elevation. In Fig. 5 , the data compare well with the Bélanger equation as well as past experimental data in horizontal rectangular channels with both smooth and rough inverts. Figure 6 presents the maximum free-surface elevation, and the data are compared with the apparition of slight breaking at the first wave crest: (d 2 /d 1 ) − 1 = 0.4 (Chanson 2010a) , and an upper limit corresponding well to the criterion for solitary wave breaking (Peregrine 1966 ). Both present data and past results are in agreement, showing (Peregrine 1966; Koch and Chanson 2008; Chanson 2010a Chanson , 2010b Leng and Chanson 2016) and rough invert data (Chanson 2010a) an upper limit corresponding well to the criterion for solitary wave breaking (Peregrine 1966) .
The propagation of tidal bores was associated with large instantaneous free-surface fluctuations during the bore passage. This is illustrated in Fig. 7 , showing the time variations of the ensembleaveraged water depth and difference between third and first quartiles (d 75 -d 25 ) during the generation and upstream propagation of a breaking bore. In Fig. 7 , the time t is measured from the Tainter gate closure, the median depth data are shown with thick lines and the free-surface fluctuations are plotted in thin lines. For a Gaussian distribution of the data about the ensemble-averaged, the difference between third and first quartiles (d 75 -d 25 ) would be equal to 1.3 times the standard deviation. The experimental results indicated further maximum free-surface fluctuations shortly after the bore leading edge, as reported by Leng and Chanson (2016) .
Both visual observations and instantaneous and ensembleaveraged acoustic displacement meter data showed the negligible impact of the large roughness element on the free-surface characteristics. For example, the breaking bore data reported in Figs. 5 and 6 show no distinctive difference between the two bed configurations.
Velocity observations
The instantaneous velocity measurements showed a sudden deceleration associated with the passage of the tidal bore for all experiments. This rapid deceleration phase was followed by a transient recirculation, previously documented in earlier studies (Docherty and Chanson 2012; Khezri and Chanson 2012; Leng and Chanson 2016) . The passage of the tidal bore was linked to large fluctuations of the velocity components (data not shown). Typical experimental data are presented in Figs. 8 and 9 , showing the time variations of median longitudinal velocity (Fig. 8) and instantaneous longitudinal velocity fluctuations (V 75 -V 25 ) (Figs. 8 and 9 ), In absence of large roughness element (e.g., Fig. 8a) , the results were close to those of Leng and Chanson (2016) obtained with the same discharge per unit width and comparable Froude numbers. Herein the focus is on the impact of the large roughness element on the velocity field.
The effect of the large element was tested systematically in terms of the instantaneous and ensemble-averaged velocity components for the breaking bore at several transverse locations y/D = 0, 0.5, 0.75, 1 for each longitudinal location (x -x o )/D = −2, −1, 0, +6. A typical example is presented in Fig. 8 , showing the timevariations of ensemble-averaged longitudinal velocity component (V x -V 2 )/(V 1 -V 2 ) on the channel centreline, where V 2 is the conjugate flow velocity, all velocities are positive downstream and t is the time since Tainter gate closure. The impact of the large element was most significant on the channel centreline for −5 < (x -x o )/ D < +5. First a longer transient recirculation was observed both upstream and downstream of the element. This is illustrated in Fig. 8 where the blue arrow highlights the transient recirculation event, which was nearly twice as long in the presence of the large element. Second the transient recirculation was characterized by stronger maximum velocity recirculation magnitudes: that is, almost 60% larger in the presence of the roughness element.
Physically, and following the bore front, the advancing tidal bore encountered first the wake region downstream of the element, sketched in Fig. 2 . The interactions between the wake motion and the bore turbulence induced large velocity fluctuations next to the invert, in the initial wake region. Once the bore front passed the cylindrical element, a transient wake developed upstream of the large element. The transient wake was caused by the blockage effect induced by the large cylindrical element.
Turbulent Reynolds stresses
The unsteady flow motion in tidal bores was characterized by large velocity fluctuations that must be associated with large turbulent stresses. The turbulent Reynolds stress equals the fluid density multiplied by the cross-product of the turbulent velocity fluctuations, ij = × v i × v j ; where is the density of the fluid, v is the velocity fluctuation, and i, j = x, y, z. The instantaneous velocity fluctuation is calculated as v = V − V, where V is the instantaneous velocity measurement and V is a mean velocity. In steady flows, V is the time-averaged velocity component. In a rapidly-varied unsteady flow, the experiments must be repeated several times and V is the instantaneous ensemble-averaged velocity component (Bradshaw 1971) . Herein the Reynolds stresses were calculated based upon the ensemble-averaged velocity data following Leng and Chanson (2016) . Calculations were performed on velocity data with and without the presence of the large cylindrical element. Typical results are presented in Fig. 10 in terms of the median shear stresses × v x × v x and × v x × v y . The experimental data showed that the propagation of the bore was associated with a marked increase in Reynolds stress magnitude during and immediately after the front passage, together with large and rapid fluctuations in turbulent stresses (Fig. 10) . The maximum Reynolds stresses were typically observed after the bore arrival. The corresponding time lag was comparable with and without the roughness element, and close to the findings of Leng and Chanson (2016) . Overall the patterns were observed for all Reynolds stress tensor components.
The presence of the cylindrical element was felt primarily upstream of the element and around the element. Lesser effect was observed downstream of the element. Upstream of the large roughness element, the bore front passage was followed by an increase in the mean normal and tangential stresses immediately upstream of the element at (x -x o )/D = −1. Further upstream, only a slight increase in shear stresses was observed up to (x -x o )/D < −2. Beside the element, that is (x -x o ) = 0, its presence impacted onto the shear stress data close to the bed at y/D = 0.75 and 1, with larger turbulent stress magnitudes. Beyond these locations, the effect of the cylindrical element was negligible.
The present results showed that a large roughness element may impact onto both steady and unsteady flow motions. During bore propagation, large shear stress levels were observed around the element that might lead to enhanced scour and bed erosion, typically within two diameters from the element centre. The repetition of tidal bore events (e.g., twice a day during semi-diurnal spring tides) could yield the development of a large scour hole surrounding the cylindrical element, as observed during the construction of the G15W Changtai Expressway bridge across the Qiantang River, China (Ren and Luo 2010; D.Z. Pan. 2013, personal communication) .
Conclusion
In tidal bore affected estuaries and shallow-water bays, the upstream propagation of the bore induces significant mixing and high turbulence levels. The literature has been focused mostly on the propagation of tidal bores in flat bed channels, and the effects of large roughness elements were un-accounted for. Herein a physical study was performed to assess the impact of a large cylindrical roughness element on the upstream propagation of tidal bores, including the steady and unsteady turbulent shear stresses in the close vicinity of the element.
In the initially steady flow, the large and flat cylindrical element (D/H = 3) generated a wake region, extending up to 20 diameters downstream and +/− 4 diameters in the transverse direction. The extents of the wake region were consistent with relevant steady flow literature. During the tidal bore propagation, the presence of the element had negligible effect on the free-surface properties. Its impact was felt in terms of the instantaneous velocity, with a longer transient recirculation both upstream and downstream of the element and larger maximum velocity recirculation magnitudes for −5 < (x -x o )/D < +5. Larger velocity fluctuations were further recorded and the results were associated with larger turbulent shear stresses around the roughness element. The results suggested some enhanced turbulent stress levels, hence potential bed erosion, around the large element within two diameters from the element centre. The finding indicated the potential development of a large scour hole around the element in mobile bed channels, associated with the propagation of tidal bores.
Further investigations should be conducted using mobile bed materials, and could encompass both cylindrical element and cylindrical column. The latter would be representative of a bridge pier and an important application could be the prediction of scour hole development around a pier, for example in a tidal bore affected estuary.
